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INTRODUCTION

Current approaches to sensing for control of large flexible structures typically in-
volve the use of discrete sensors, e.g., accelerometers and strain gages, or remote sensing
such as laser scanning. These techniques, which have been successful for laboratory char-
acterization, will prove to be limiting for very large structures in orbit. Discrete point sens-
ing has the drawback of requiring many sensor elements to adequately monitor all modes of
vibration that a structure may encounter. An accelerometer residing at a standing node of
one vibrational mode will not detect any signal pertinent to that mode of vibration. A fur-
ther drawback is that point-to-point hardwiring of many sensor elements is required which
could adversely affect the following:

1) Total system weight;
2) Cost of installation;
3) Structural intrusiveness; and
4) Reliability.

In addition, significant digitizing and computing resources must be dedicated to per-
form data acquisition from each sensor and construct a map of the state of the structure.

An ideal monitor of structural deformation would have the following characteristics:

1) A single, continuous distributed sensing element;
2) Capable of measuring magnitude and location of strain or absolute deflection;
3) Structurally non-invasive and contribute negligible mass; and
4) Possess signal processing capabilities to identify all pertinent modes of vibra-

tion, their magnitudes and frequencies from dc through some maximum, be-
yond which the excitation response function can be neglected.



SCOPE OF WORK

The scope of work was proposed to establish a test facility to study the feasibility of
strain/deformation mapping of large structures using a single continuous fiber optical sen-
sor. The principal tasks include:

Task I

a) Develop the code for a model of strain for a cantilevered beam under simple
transverse deflection, i.e., compute strain for arbitrary deflection and provide
graphical output.

b) Provide variable scaling factors to predict the deflection of the beam at any line-
ar position for arbitrary beam length or thickness, given the strain map.

c) Develop inverse code for predicting spatial map of internal strain versus instan-
taneous beam deformation condition.

d) Design complete experiment: include structural configuration of cantilever beam
facility, conventional sensor data acquisition and analysis system and fiber optic
sensor system.

Task 2

a) Install a cantilever beam testbed equipped with standard accelerometers and/or
strain gages, data acquisition and signal processing hardware.

b) Develop signal processing software to measure and analyze static and dynamic
beam state; provide-graphical representation of data.

Task 3

a) Apply continuous optical fiber sensor to a cantilevered beam and construct a
spatial correlation map between the linear coordinate along the fiber and the pla-
nar map of the beam.

b) Investigate requirements for obtaining satisfactory gage response in the optical
time domain reflectometry signal due to microbending effects in the fiber.

c) Extend software of subtask 2a) to read and analyze OTDR signal; generate a
spatial deformation map from the optical data and correlate with discrete sen-
sors, as appropriate, and with model developed in Task 1.

d) Provide an experimental estimate of the minimum strain/ deflection the sensor
can measure and its dynamic range. Assess the computational needs to process
the data in real time for various bending frequencies.
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TEST AND DEVELOPMENT FACILITY

The following is a list of equipment which was integrated to form a test facility for
development of a fiber optic distributed strain sensor:

1) Laser Precision Optical Time Domain Reflectometer,

2) Tektronics 468 Digital Data Acquisition Oscilloscope (IEEE-488);

3) Data Precision 6000 Digital Data Acquisition and Signal Processing System
(M68000 CPU based);

4) HP 9816 (M68000) microcomputer for data acquisition and signal processing;

5) HP Multiprogrammer with 33 KHz and 200 KHz high speed A/D converters
and channel scanners; and

6) IBM PC-AT compatible desktop computer with data acquisition analog to digital
(A/D) card.

3



DISCUSSION

This program investigates the use of a single multimode optical fiber as a distributed
sensor for the purpose of detecting dc and low frequency vibrational deflection of large
beams that may constitute the load bearing elements of large space structures. A light
weight, effectively non-invasive system with a minimal number of components to maxi-
mize reliability, appears feasible with this approach.

Single mode fibers have found applications in sensitive detection of pressure
waves, acoustic emission, and inertial rotation, but these all rely on a phase measurement
made relative to a reference fiber, and the measured effect is integrated over the length of
the sensing fiber, and thus does not lend itself well to the spatial mapping of strain fields.

The method developed here relies on the application of optical time domain reflec-
tometry in a multimode optical fiber to observe the magnitude and location of a structural
distortion. The mechanism consists of inducing a microbend (or change thereof) in the op-
tical fiber where the local strain occurs. The optical fiber can be distributed along and
around the structure to detect various components of flexure, including torsion and longitu-
dinal extension.

The spatial location of strain is contained in the time domain return signal. A short
pulse of incident light is Rayleigh backscattered from the entire length of the fiber to a pho-
tosensitive diode. The return signal intensity is proportional to the forward incident pow-
er. Microbending in the fiber attenuates this forward power, with resultant attenuation of
the return signal. When properly configured, modeled and calibrated, a fiber optic sensor
is capable of providing the position and magnitude of strain or distortion throughout the
structure to which it adheres.

We now develop a model of strain displacement relationships, and derive the actual
quantities measurable by the sensor system.

We will briefly examine the stress-strain relationships of a cantilevered beam to give
context to the implementation of the sensor concept. Figure 1 indicates the relevant geo-
metrical features of a cantilever-beam. The optical fiber is mounted on either side of the
beam at the surface. When a beam is subjected to bending, the surface of one side elon-
gates, while the surface on the other side is placed in compression. These changes in
length are a consequence of both the deflection and the finite thickness of the beam.

The elastic curve is the curve taken by the neutral axis. The radius of curvature r
taken by the neutral axis at any point is given by

r = EI/M, (1)

where M is the bending moment, I is the moment of inertia of the beam, E is the modu-
lus of elasticity, or Young's modulus,

E = unit stress/unit deformation = PI / Ac, (2)

where e / 1 is the longitudinal deformation e per longitudinal distance 1. P /A is the
stress, or force per unit area applied longitudinally.

A beam bent to a circular curve of constant radius has a constant bending moment.
Replacing r in Equation (1) by its approximate geometrical value, 1/r = d2y/dx 2, the (ap-
proximate) fundamental equation from which the elastic curve of a bent beam can be devel-
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Figure 1 Cantilevered beam

oped and the fundamental deflection of any beam obtained is:

M = EI d2y/dx 2  (3)

Substituting the value of M in terms of x, and integrating once, gives the slope of
the tangent to the elastic curve of the beam at point x;

tan i = dy/dx = JXM WEI (4)

Since i is usually small, tan i = i, expressed in radians. A second integration
gives the vertical (as drawn) deflection of any point of the elastic curve from its original po-
sition.

A concentrated load P at a distance 1 from a clamped origin causes a deflection f
at the end of the beam. The bending moment M is

M = EI d2y/dx2 = - P (I -x). (5)

Integrating, as described above, and requiring the boundary conditions that dy/dx =
0 when x = 0, yields

El dy/dx = - Plx + Px2/2. (6)

A second integration, with y= 0 when x = 0, yields the elastic deflection

Ely = -Plx2/2 + px3/6. (7)
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Equation (7) is the elastic deflection curve for the beam neutral axis. As stated at
the beginning of this elementary analysis, one side of the beam elongates, placing the local
volume in tension, while the other side is in compression. If y can be determined as a
function of x, then, for a beam of known length 1 and material property E, the driving
force P can be deduced, and a reaction force applied to extinguish the deflection.

A sensor capable of measuring the strain at the surface, together with a model of the
location of the beam neutral axis, would enable the calculation of the deflection of the beam
neutral axis. This in turn would provide the information necessary to reconstruct the de-
flecion state of the beam.

The beam is now generalized to account for its finite thickness, which results in (in-
ternal) inplane (i.e., in the plane of the beam) strains. We will show how the various
strains are a function of distance from the neutral axis. For a symmetrical beam, having
uniform cross-sectional material and elastic properties, and simple rectangular geometry,
the neutral axis coincides with the midplane of the beam.

We now review the results of a derivation of strain displacement relationships de-
scribed elsewhere for simple cantilever bending about one axis.

The equations which relate the strain at any point in a beam undergoing some def-
ormation will be developed in this section in terms of the displacements at the geometrical
midplane of the beam (uo , wo) and the displacement in the y-direction (v). We follow the
notation convention that the ordered set (u, v, w) are displacements along the (x, y, z)
axes.

Consider a section of the beam in the x-y plane, Figure 2, which is deformed due
to some loading in the y-direction. We assume the point A at the geometrical midplane
undergoes some displace-
ment uo in the x direc-
tion. Furthermore, we as- A
sume that the line BAD, y
the normal (perpendicular) Uo
to the geometrical mid- B
plane, remains straight C

and normal to the de- cc B
formed midplane. This is Y ,
equivalent to neglecting A I - x Y
shearing deformations,
which is a practical as-
sumption considering the
deflection modes of the D D
beam that are likely to oc-
cur under normally inci-
dent perturbations or im- Figure 2 Cross-section of a segment of a cantilever
pacts. With this assump- beam before and after bending in the x-v plane
tion, the displacement of
any point on the normal BAD (say of line C) is given by the linear relationship

uc = u0 + yca, (8)
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where, as shown in Figure 2, Yc is the y coordinate of the point C measured from the
geometrical midplane, and a is the slope of the normal BAD with respect to the original
vertical line. By similar triangles, a is also shown to be the slope of the midplane with re-
spect to the y-axis, or

a = v/Dx, (9)

where the slope is the rate of change of the deflection in the y direction with respect to
change in the x direction. Combining Equations (8) and (9), we obtain an expression for
the displacement u in the x direction for an arbitrary point at a distance y from the mid-
plane:

u = uo + ydv/ax, (10)

where the slope is the rate of change of the deflection in the y-direction with respect to
change in the x direction.

In a completely analogous manner, the displacement w in the z-direction of an ar-
bitrary point at a distance y from the geometrical midplane is

w =w o + yov/az, (11)

where now w. is the midplane displacement in the z direction. Equations (10) and (11)
give the inplane displacements (x,z directions) of any point in the beam in terms of the in-
plane displacer.-"nts at the geometrical midplane (uow o ) and the deflection v in the y-
direction.

We have made the simplifying assumption that the beam thickness BAD remains
constant in length and undeformed, apart from an alteration in direction. Thus, the value of
the normal strain, Ey, may be neglected when considering normal deflections and v rep-
resen:- the normal deflection of-the beam without regard to the y coordinate within the
beam along the normal BAD. Similar arguments can be made to show that we may also
neglect the shear strains yxy and fyz. Again, this is reasonable due to the assumption
that, for the moment, we are only considering beam flexure in one direction.

The beam will experience tension on its upper surface and compression on its lower
surface. The normal strain in the x direction is defined as the change in length divided by
the original length. Recalling that the change in length of a line segment is equal to the rela-
tive displacement of the two ends, the normal strain is

Ex = lim Ax.O AU/Ax = au/ax. (12)

Using Equations (10) and (12) together, we may obtain a relationship between the
normal strain ex(y) at any distance y from the midplane and the strain at the midplane:

Cx(y) = au/aX = auo/ax + y a2v/ax 2. (13)

We point out that the term a2v/Dx 2 is the beam curvature and is equal to l/r,
where r is the radius of curvature.

a2v/ax 2 and ov/ax are the curvature and slope of the midplane axis, respective-
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ly. The midplane axis is identical to the neutral beam axis for simple symmetrical geome-
tries. Equation (13) may now be rewritten as

Ex ±(Ysx) = au/ax± = ±o/aX ± ys a2v/aX2, (14)

where the ± corresponds to the top or bottom surface of the beam, at y = ± ys" If we take
the difference of the strains measured on opposite sides of the beam at the same value of x,
we obtain

ex+(Ys,X)- ex-(-ys,x) = 2ys a2V/ax2. (15)

We shall call the difference of terms on the left side of Equation (15) [Ac(x)].
Equation (15) may then be rewritten

[AE(x)] = 2y s a2v/Ix2, (16)

where [Ae(x)] is a measured quantity and 2y s is simply the thickness of the beam. Of
interest now is the value of v as a function of x. By integrating twice we may find the net
deflection of the beam midplane at any position x, since v is the deflection of the beam in
the y-direction. The fist integration yields

o [Ae(x)] dx = 2y s {av(x)/ax - av(x--0)/ax). (17)

For a beam clamped at the origin (x--O) we may observe by inspection that
dv(x--)/ax equals zero, so that the last term disappears. A second integration, with v = 0
when x = 0, results in

j0 j* [Ae(x)] dx dx' 2ys v(x).

The quantity v(x) is recognized as simply the net y-deflection of the beam referred
to earlier. Equation (11) is a compact relationship between the deflection v at x and the
doubly integrated differences of paired strain measurements made along the beam over the
range from zero to x. If [A (x)] can be measured as a continuous function of x, then the
accuracy with which v(x) can be computed is limited only by the fineness with which x
is divided for numerical integration purposes. As a practical matter, the analog signal
[AE(x)] will be processed by A/D conversion, followed by digital signal processing. This
now leads into a discussion of how [At.(x)] is acquired using a single optical fiber.

8



IMPLEMENTATION OF A FIBER OPTIC STRAIN MAP SENSOR

The technique of optical time domain reflectometry is a standard commercial method
of testing the continuity of optical fiber communications lines. A short and intense pulse of
laser light is injected into one end of the fiber (multimode, in this case). The forward trav-
eling pulse is continuously backscattered toward the source due to Rayleigh Scattering.
The origin of Rayleigh Scattering is due to residual impurity scattering sites on the scale of
atomic size. The intensity of backscattering is proportional to the forward power, pulse
width and scattering cross-section of the medium.

When an optical fiber is illuminated by a source, usually a diode laser or LED, light
is captured by the core and wave guided subject to the conditions of total internal reflection
at the interface between the core region and cladding. These conditions are mathematically
identical to those which prevail in microwave guides. The light will initially be in some
state determined by the nature of illumination, but the normal bending and imperfections in
a standard high quality fiber will soon cause the energy to populate an equilibrium distribu-
tion of possible modes. Further bending and internal scattering will result in a continuous
mixing and weaving of energy between the numerous modal states.

When the fiber is perturbed from its cylindrical symmetry at some point along the
fiber, this modal redistribution occurs. Some of the light will couple to radiative modes
and escaped from the fiber. Thus, the forward power is reduced, and the Rayleigh back-
scattering, which is proportional, is observed to decrease at that point.

Observation of the Rayleigh backscattered energy is made by placing a beam splitter
between the fiber and the source and and directing the returned energy at a high speed de-
tector. In this way, the return signal is time expanded in proportion to the length of the op-
tical fiber, and the detector signal can be displayed on an oscilloscope as a function of time.
The return signal will display any evidence of fiber distortion or damage by a drop in the
return signal at the point corresponding to the time it takes for light to travel through the fi-
ber to that defect.

A practical solution is the high speed digitization of the waveform. The digitized
waveform can be processed to extract the strain map and physical state of the structure.

The fiber, when properly applied to a structure, can be bonded in a manner that will
cause deformation of the fiber when the structure undergoes flexure. The method of appli-
cation actually involves the use of a small transducer, a drawing of which is shown in Fig-
ure 3. A photograph of the actual transducer used is shown in Figure 4. It consists of two
components through which the fiber passes. Each component has a jaw with a set of serra-
tions, and the two serrated surfaces are complementary so as to deform the fiber in a peri-
odic fashion when compressed between the two elements. One part is attached to the struc-
tural surface under consideration in the region over which the fiber passes. The other por-
tion is cantilever mounted to the beam at a distance (typically 2.5 - 5 cm) from the first
component such that a clamping action is generated by the jaws. The upper (cantilevered)
component provides a relatively rigid element against which the fiber is pressed with great-
er or lesser force as the beam deflects. The transducer is biased to give a net signal when
there is no net deflection in order to distinguish between compressive and tensile inplane
strain. The use of a repeated grooved structure enhances the sensitivity of the transducer
element.

9



The transducer itself can be quite small, on the order of 12.5 cm x 5 cm and 0.1 -
.5 cm thick. Application could be with adhesives, threaded screws, rivets, etc. Adhesives
offer the least invasive and perturbing method of application.

1.250 -. & .210
' -600 '-.950 typ. -j .125

.125 i-iF- 0 _ _ _ __.69 .106

r 00- 1

.060 .600 .060
typ.

.100 1

Lightening
Hole (4 pl.)

.600

.100t 040
Left End Bottom View 1kW .0

View 1 .100
.150
.210

Figure 3 Design of transducer which is mounted at several sites on cantilever beam

Figure 4 Photograph of transducer
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DESCRIPTION OF THE SYSTEM CONFIGURATION

Seven pairs of strain gages were attached to the cantilevered beam and, after signal
conditioning, their output fed to a 16 channel A/D card in the HP multiprogrammer, capa-
ble of reading 16 individual analog input voltages at a rate of 32 kHz or 8 differential pairs
of voltages at 16 kHz. The OTDR signal was read and digitized by either a TEK 468 or a
DP6000. Since the vibrational modes of the beam were designed to remain generally under
20 Hz, there is no significant sampling problem. Alternatively, the multiprogrammer/
scanner system can perform the same function.

The discrete sensors monitor the motion concurrently with the fiber optic system.
They provide concurrent verification of the model encoded to predict beam disposition
based on fiber optic sensor data acquired. Figure 5 is a functional representation of the fa-
cility, showing the relationship between the beam, discrete and fiber optical sensors, data
acquisition and signal processing systems.

OTDR ADCL

I _FMicro-

ADC computer

Micro-
computer

Figure 5 Diagram of flexible beam testbed for fiber optic sensor development
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TESTBED STRUCTURE

A testbed structure (Figures 6 and 7) was fabricated to investigate the performance
of the fiber optic sensor system. The beam itself was made of 6061-T6 aluminum bolted
between two low carbon steel channel beams for support, which were then mounted on a
base of low carbon steel. The mass and rigidity of the channel beams and base plate are
high enough that the cantilever modes of the beam are the only ones of significance. Beam
dimensions are such that torsional modes can also be neglected.

Beam Supports

0 Flexible Beam

o _

0 0 0 Base

Channels Bolt Beam and Channels
Together Prior to Welding

Beam

4 Base Plate

Figure 6 Illustration of fabricated cantilever testbed
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Figure 7 Distributed strain sensor testbed

The testbed includes an array of conventional resistive strain gages that served as a
reference to the fiber optical system. Figure 8 is a diagram of the data signal acquisition
system that was used to acquire conventional strain gauge data. The multiplexer and A/D
converter shown in the diagram are actually an integrated multichannel data acquisition card
installed in the microcomputer system. The balanced bridges and amplifiers are a custom
design. A detailed schematic of the 8 channel strain gage bridge amplifier is shown in Fig-
ure 9. The BNC cable output for each channel is input to a channel of the analog-to-digital
(A/D) card in the microcomputer. Seven (of a maximum of eight possible) pairs of strain
gages were attached to the beam at equal intervals along its length. A polynomial fit to a
model of simple lateral tip deflection of the beam was used to obtain parameters to generate
deflection, slope and curvature information from the strain gage data.

A flow diagram for the computer controlled acquisition of OTDR and strain gage ar-
ray data is shown in Figure 10.

13
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Figure 8 Strain gage signal data acqisition system
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OPTICAL FIBER MICROBENDING SENSITIVITY

Measurements performed by Asawa, et al,2 enable an estimate of the sensitivity ex-
pected with the system configuration described in this document. Asawa observed a 2 dB
change in signal for a local deformation corresponding to a radius of curvature of 1 km.
Assuming a simple circular deflection shape for a beam 1 meter long, this would produce a
lateral deflection of 1 mm and subtend an angular deflection of 1 milliradian. The actual
deformation of the optical fiber in the microbending transducer was 5 microns.

Sensitivity of the transducer is proportional to the number of corrugations in the mi-
crobending transducer and the periodicity of the corrugations. The measurements de-
scribed by Asawa were pertain to a "non-resonant" periodicity in the corrugation spacing.
The "resonance" period of an optical fiber is a function of the diameters and relative indices
of the core and cladding region. Inducing microbending with a resonance period will in-
crease the sensitivity, by as much as a factor of 4 -10. Increasing the number of corruga-
tions can produce a similar gain. As reported by Asawa, the sensor was prototypical and
not optimized.

Microbend sensing is accomplished by deforming the fiber between a pair of
toothed or serrated plates that introduce small bends in the fiber, as shown in Figure 11. A
theoretical analysis of the perturbation of the cylindrical symmetry of the core region of the
fiber provides the coupling strength for transferring light from one propagating mode in the
fiber core to another, or for scattering out of the core, into the cladding, or out of the fiber

0

Figure 11 Microbending perturbation of the fiber symmetry is induced
by deforming the fiber between two sets of serrated plates
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altogether.3 If the propagation constants of two modes are designated 131 and P2, the field
dependencies of each behave with time and distance z along the fiber axis as

E1 -exp(iot - 31z) and E 2 - exp(iowt - 02 z). (19)

The condition for coupling between the two modes is the phase matching between
the two propagation constants produced by the serration period L is given by

L= 27n (20)

The efficiency which light scatters between two modes is dependent on the ampli-
tude of the perturbation and the population distribution of propagating modes in the fiber
core. This, in turn, depends upon the profile of the optical index of refraction of the core
and the index of the cladding surrounding it. The index profiles of multimode fibers are
typically step functions or "parabolic." Thus, to excite radiative losses, there can be an op-
timal period L for a given fiber cross section and index profile.

Three types of micTobending designs were investigated. The first one, and the one
we returned to for final implementation with minor modification, consisted of two plates
with triangular serrations. Three such plate sets were fabricated, with each set having a dif-
ferent pitch to the serration period: 1 mm, 2 mm and 4 mm. The interaction length was
1.25 cm for all transducers. These plates were machined from aluminum. In each set, one
plate was rigidly mounted. The other was mounted to a piezoelectric translator having a
maximum excursion range of 15 micrometers. The fiber was placed between the two plates
and one plate was driven against the other. The step drop introduced in the OTDR signal
was measured versus jaw displacement.

The second type of transducer was an attempt to simplify the design and ease of im-
plementation. A commercially available fiber4 with a polymer filament wrapped in a spiral
around the fiber formed an intrinsic microbend sensor. When compressed between two flat
surfaces, the fiber sensor was naturally deformed in a manner identical to that which would
occur if the fiber were placed between the serrated plates, described above, having the same
effect. A difference in performance was noted in that the fibers incorporated in this sensor
by the manufacturer had considerably more transmission loss in the unperturbed state and
therefore limited its use because of dynamic range considerations. Another characteristic
noted was the long term drift of the sensor response over repeated compressions. This was
attributed to permanent deformation of the polymer filament spiral. This same effect was
noted in the first type of transducer design due to the pointed nature of the serration profile.

In view of the high losses encountered with this fiber, a variation of this design was
examined: fine copper wire was spiral wrapped around 2.5 cm segments of the optical fi-
ber with more acceptable attenuation rates. The pitch of the winding could be controlled at
our discretion. A pitch of 2 mm was chosen to maintain some normalization with the poly-
mer spiral fibers. Response from this transducer was more favorable and comparable to
the serrated design, but maintaining reproducibility of the winding from one transducer to
another was problematic, and would require implementation of process control beyond the
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immediate interest of this project.
In the final design, the points of the serrated transducers first used were latped :o

produce a flat mesa profile. This resulted in less permanent deformation of the polymer
buffer protecting the fiber. Over time, such deformation would reduce the effective diame-
ter of the fiber/buffer at the points of contact, shifting the onset of response to compres-
sion. Smoothing the profile of the serration reduced this effect and the migration of buffer
material in the contact region. A further consideration in the design using sharply profiled
serrations is the tendency for the serration points to wear through the buffer and break the
silica fiber.

The sensitivity of the three serrated transducers was measured in a microbend test
fixture shown in Figure 12. One plate was mounted on a static base which could be manu-
ally translated by vernier control. The other plate was attached to a piezoelectric translator,
capable of 0 - 15 micrometer displacement. The translator was driven, in turn, by a voltage
amplifier/driver. An IEEE-488 computer programmable function generator provided the
low voltage input. The analog return OTDR waveform was captured in a 100 MHz IEEE-
488 programmable digitizing oscilloscope. The deformation signal is observable as a step
down in the OTDR waveform that changes magnitude as the degree of microbending
changes. Figure 13 is a plot of the change in the magnitude (in volts) of the OTDR signal
as the serrated plates are compressed over a range from 0 to 10 microns. The OTDR signal
is linear in the logarithm of the power, so the resulting curve illustrates remarkable log-

-Spooled Delay

Optical MApiirFnto
Fiber Driver Generator

Spooled Delay

OTDR -- iSiopel Computer

SPrinter

Figure 12 Microbend sensor test system
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linearity in response to the microbending effect. Each data point is a 64 sample averaged to
improve the signal-to-noise ratio.

These measurements just described take into account the thermal heating of the laser
junction, which tends to generate optical power that is very sensitive to temperature. Initial
results showed a monotonic shift in the response curves over time toward lower sensitivity.
The OTDR now has provisions for thermal stabilization of the laser. When provisions
were made for carefully repeating measurements in which the thermal cycling OTDR was
moderately repeatable, the data, shown above, was quite well behaved.

-.

,- o-2mm test I
-+ -2mm test 2

A -2mm test 3

# - 2mm test 4

I I I I I I I I I

1 2 3 4 5 6 7 8 9 10

microbend gap displacement (microns)

Figure 13 Signal (in volts) of OTDR step change to displacement of microbend
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DISTRIBUTED STRAIN TRANSDUCTION

The core problem in proving the concept of OTDR distributed strain sensing is in
developing a transducer with which the optical fiber can be mated in a serial array to the
structure and impose a measure of the distributed strain effects on the backscattered light
signal waveform. A cantilever device was developed, and is shown schematically in Fig-
ure 3. It provides for an interaction length of 2.5 cr. A pitch of 2 mm was chosen as a
result of best sensitivity observed in the earlier microbend experiments. The cantilever
structure had an arm of 5 cm. One serrated surface is firmly affixed to the flexible beam.
The other serrated surface is part of the rigid transducer which is mounted as a "diving
board." The two sets of serrated jaws meet in a complementary "peak-to-valley" as is re-
quired. The fiber ran through the microbend structure. The beam and rigid component
form a "scissor," with the fiber squeezed between the two jaws. As the beam flexes, the
gap modulates. A shim between the mounting surfaces of the two components and the
beam provides for biasing of the microbending when the beam is quiescent. This enables
one to distinguish between flexure of the beam in either direction, i.e., the signal step will
decrease when the beam is bent in one direction (such that the surface on which the trans-
ducer is mounted is placed in tension and the jaws open), and will increase in the other
(when in compression, and the jaws close).

The testbed beam could be fitted with as many as four such transducers on each
side of the beam, for a total of eight. Our experiments included acquisition of data for up to
four transducers, all placed on the same side of the beam. Under simple free vibration, the
beam has a strain profile that decreases monotonically with distance from the clamped end.
Thus, transducers farther from the fixed end of the beam sense rather low levels of strain.
Conversely, higher order modes of vibration can be sensed more effectively by transducers
farther from the fixed end as the strain distribution peak shifts away from the fulcrum.

The spatial resolution of the OTDR is limited by the (1) rise/fall time of the laser and
detector circuitry, and (2) pulse duration. Increased signal-to-noise ratio is obtained by
longer pulses, as the Rayleigh backscattered signal is proportional to the total energy in the
forward pulse. The trade-off in sensitivity is in spatial resolution: sharper pulses yield bet-
ter spatial resolution. The peak signal-to-noise ratio of the OTDR was enhanced by signal
averaging. A practical limit exists in that such averaging slows the rate of data acquisition.
A choice must be made among these parameters to demonstrate concept feasibility with
available instrumentation. The spatial resolution of the OTDR is limited to 5 meters (along
the fiber) in the long pulse width mode. The transducers need not be separated by such
large distances. In fact, the transducer spacing is eight inches (20 cm) on the beam. A de-
lay line of -50 ft (-15.25 meters) of optical fiber was coiled between sensor sites. This
provided more than enough spatial/temporal separation between transducers to resolve sep-
arately the microbending occurring at each site on the beam.

Calibration of the transducers (both resistive strain gages and fiber optic sensor)
was performed as follows: the beam was statically deflected at its tip by a fixed, known
amount. The various sensor signals provided data for a polynomial coefficient fit to the
Equation for the static deflection of a cantilever mounted elastic beam. From then on, digi-
tal sampling of the two sensor systems by two independent computers provided the time
variant data for dynamic reconstruction of the shape of the beam, its local curvature, strain,
strain-rate or velocity-rate, etc.

A typical OTDR signal is shown in Figure 14. At each transducer the fiber is de-
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Figure 14 OTDR Waveform showing step signal at two transducers

formed in a biased fashion with-the beam strain so that a bipolar signal is obtainable and
one can distinguish the direction of strain. Each step corresponds to sensing at another
sensor and position along the beam. For a beam in its unstrained state, the measured step
in voltage corresponding to each transducer is the set point from which all strain measure-
ments are made. Changes in this voltage indicate the corresponding change in strain, posi-
tive or negative. Based upon a simple model for a cantilever beam under simple deflectionI
we can reconstruct the shape of the beam either from the resistive strain gages or the optical
fiber sensor. A typical plot for the former is shown in Figure 15.

The results for strain detection in one of the transducers is shown in Figure 16.
The plot indicates the change in the voltage drop caused by microbend losses in the fiber as
it passes through the serrated section. The "scissor" action induced as the cantilever beam
bends causes the jaws to open further or close, depending on the direction of beam defor-
mation. For the transducer used, the dynamic range with linear response is ± 25 micro-
strains.
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CUSTOM INSTRUMENTATION

The tradeoffs inherent in the sensitivity and dynamic range of the fiber optic sensor
system as regards strain measurement have been discussed above. We briefly list them:

1. Pulse peak power;
2. Pulse duration;
3. Detector noise level and sensitivity; and
4. Fiber attenuation rate.

The total signal to noise budget will then set a limit on the product of the number of
transducers times the dynamic range per transducer. Digital resolution of the total signal
(i.e., number of bits of resolution) will then limit the resolution of each sensor.

Improvements in the dynamic range can be achieved by (1) choosing a laser diode
source to increase the pulse peak power, (2) implementing laser junction thermal stabiliza-
tion, and (3) selection/design of a superior low noise optical receiver.

Spatial resolution is affected by the speed of the laser transmitter and receiver, and
time sampling subsystems since rise-time, fall-time and total pulse width of electronics at
either end of the fiber limit the time resolution, which is proportional to distance.

Of further interest is the time rate of sampling of the distributed sensor for purposes
of determining the frequency spectrum of the vibrating structure. Thus, if a large structure
is expected to have significant vibrational properties at frequencies up to 5 Hz, we would
like to sample the entire structure at twice the Nyquist frequency, ie., 20 Hz. The digitiz-
ing oscilloscope used was limited to rearming the trigger at a 2 Hz rate. Thus, "real-time"
sampling would only be effective for vibrations below 0.5-1 Hz.

Having limited ourselves to the use of a commercial OTDR and digitizing oscillo-
scope in the current experiments, there was no facility for improving the speed or peak
power of the laser, or noise level of the detector, or speed and magnitude of the digital sam-
pling oscilloscope. The one area where customization is easily implemented is in the sam-
pling electronics, shown in Figure 17. While the digital oscilloscope is capable of captur-
ing 1024 points with 100 MHz (100 nanosecond) time resolution and 8 bit amplitude reso-
lution, most of the acquired data is of no value: the measurement of interest is the change
in output across the portion of the fiber deformed by the transducer. To measure this
change, the output is delayed by a delay line and the undelayed output is subtracted from
the delayed output by means of an operational amplifier. An attenuator is placed in the un-
delayed channel to compensate for the attenuation in the delay line. Low pass filtering is
also performed to increase the signal-to-noise ratio.

A sample and hold circuit is used to sample the difference waveform at a point cor-
responding to the transducer being sampled.

The range counter is started by the start of the laser pulse and counts down a clock.
A number proportional to the range of the measurement point is preloaded by the computer.
Sampling is started when the range counter reaches zero. Only one transducer is sampled
for each laser pulse. A relatively slow A/D converter, such as the one that forms part of the
80197 chip, may now be used to digitize the sample. The 80197 controller is used to fur-
ther process the samples and generate the desired output as a serial data stream.
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Typical values are:
Transducer spacing along fiber: 50-100 m.
Delay : 600-1200 nS.
Sampling rate (laser PRF) : 5000 Hz.

The OTDR section is emulated by a Laser Precision Corp. TD-9920 OTDR. The A/
D and controller section is emulated by a PC with A/D card. Sampling rates for the entire
structure are then nominally determined by the number of transducers N on the fiber, i.e.,
5000 H7/N.

As with the system currently in use consisting entirely of laboratory instrumenta-
tion, averaging would be performed to improve the signal-to-noise ratio. The sampling rate
is then further reduced by the number of times M the samples are averaged, e.g., if four
transducers are to be sampled and averaged 64 times, the highest sampling frequency for
the structure is 5000/(4*64) = 19.53 Hz, which will satisfy the temporal sampling rate ob-
jectives we have set. As will be described shortly, even this sampling rate can be easily ex-
ceeded.

The total range achievable with our experimental setup is about 200 microstrains
(aL/L). This number is derived by the total available dynamic range of the OTDR and the
optical transmission of the fiber system - about 20 dB. This range may be used up by a
single transducer, or it may be apportioned over several. This range is a function of the de-
sign of the transducer.

The following steps may be taken to increase this range:
1. Improve the coupling between the OTDR and the fiber. This would increase the

range by about 25% by increasing the optical signal, and therefore improving
the maximum signal-to-noise ratio of the system.

2. Use a better OTDR with a higher laser output and/or a lower receiver noise. An
increase of at least 50% - 100% seems feasible based on evaluation of newer
commercial OTDR instrumentation now available on the market.

3. Decrease the sensitivity of the transducers (by making them smaller). The
tradeoff is direct, i.e., a reduction of the beam length of the transducer by a fac-
tor of two reduces sensitivity (and resolution) by the same factor, but doubles
dynamic range. The sum of all signal drops across all transducers must remain
the same (in this system -20 dB),

4. Stagger the transducers on opposite sides of the beam. Bending the beam in
one direction increases the signal step on one side but reduces it on the other.
This doubles the net sensitivity, so that a reduction of the size of each transduc-
er makes sense.

The transducers with a beam length of 5 cm (and microbend region of 2.5 cm) can
detect a change of 1 microstrain provided the signal is filtered sufficiently. The raw signal-
to-noise ratio is about 100 ( i.e., the 20 dB referred to above). By averaging 100 sweeps
this 1 microstrain change can be resolved. The linearity is also about +/- 1 microstrain.

To overcome the sampling rate limitations of the DP6000 sampling scope, a custom
sampling circuit was designed. This circuit uses a delay line to develop a signal propor-
tional to the signal drop across the transducers. Using a sample-and-hold circuit makes the
timing uncritical. Samples may now be taken at the pulse rate of the OTDR (5 kHz); if a
custom OTDR is used, this pulse rate can be increased to 100 kHz for a fiber sensor system
up to 1 km in length. By using four sample-and-hold circuits, four transducers may be
sampled at this rate. The resulting total sampling rate of 400 kHz is well within the
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capabilities of currently available A/D converters. Requiring an averaging of 100 samples
per measurement gives us an overall measurement rate of 4 kHz. This is a factor of 200
above the desired rate of 20 Hz, leaving room for circuit simplifications. Even using the
present OTDR the 20 Hz rate can easily be met.

Figure 18 contains a photograph of the circuitry developed. It performs sample-
and-hold for one transducer at the internal triggering rate of the OTDR - 5 kHz. Note from
the oscilloscope trace in Figure 19 the signal slope is eliminated, which removes any signal
error to jitter in the sampling trigger. The original OTDR wave form has a negative slope
log-linear characteristic and the signal level is critically dependant on timing. The new sam-
pling technique overcomes this dependance.

TI

Figure 18 Photograph of sample-and-hold circuitry
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Horizontal scale: 4psec/division
Vertical scale: 0.5 V/division
Upper trace: analog signal
Lower trace: sampled and digitized signal

Sensor signal is derived from anywhere on the flat portion of the trace. Averaging
will improve signal-to-noise ratio. Resolution is limited by choice of A/D converter.

Figure 19 Digitized traces of output of sample-and-hold circuit
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REAL-TIME DATA ACQUISITION

The advantages of the custom circuitry that has been implemented is apparent in the
proof of concept for real-time data acquisition. For this purpose we describe one of the op-
erational modes of the circuit: detection of strain from one transducer at acquisition rates
sufficient to satisfy the objective of sampling strain at up to four locations at a 20 Hz update
rate.

Figure 20 is a trace obtained and displayed in real-time from one transducer. The
OTDR waveform is sampled at the full triggering rate of 5K waveforms per second. The
sample-and-hold circuit detects and saves only the voltage shift occurring in the time inter-
val which corresponds to the location of the transducer. This voltage is captured by an A/D
interface card to a PC-AT compatible computer. 250 successive samples are sampled and
averaged. Thus the signal is an average over a 0.05 sec interval, yielding an effective sam-
pling rate of 20 Hz.

To maintain the same rate of sampling over a system of several transducers, the av-
eraging per transducer must be reduced, e.g., four transducers can be sampled at 20 Hz if
the averaging per transducer is reduced to 62 samples, with some degradation in signal-to-
noise ratio. This rate is limited only if a single CPU is involved in the signal processing,
which is the case here, in which a PC-AT system was used to capture the data. It is possi-
ble to parallelize the system by providing a sample-and-hold circuit and integrated A/D-
microprocessor single chip computer for each transducer.

Another solution to overcoming the sampling and averaging bottleneck is to custo-
mize the OTDR with a higher trigger rate. The 5 kHz trigger rate is set for testing fibers up
to 20 km in length. A 1 km fiber, more appropriate to the scope of this sensor, could be in-
terrogated at up to 100 kHz rates. The sample-and hold circuitry described and demonstrat-
ed here can easily tolerate this sampling speed.
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Horizontal scale: 2.5 seconds/divisionVertical scale: arbitrary (8-bit full scale resolution)

Figure 20 Real-time trace of strain signal acquired from OTDR sensor using one
transducer. Sample-and-hold signal is averaged 250/sec and 20 data points are

generated per second
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SUMMARY

We have described an OTDR fiber optic microbend distributed sensor system which
has demonstrated proof-of-concept performance using a single optical fiber and laboratory
instrumentation as the goal of this program. We have developed a model for the strain de-
veloped by a cantilever mounted beam and the transduction of strain signal onto an optical
fiber. The model has been encoded and enables us to generate a faithful reproduction of the
beam shape for at least the fundamental and first overtone cantilever vibrational mode. The
spatial deformation of the beam is the double integral of the strain map. Since the distribut-
ed strain is directly accessible from the multi-tapped nature of the single fiber, the beam
shape can be reconstructed from the data, as has been shown for the fundamental mode.

-Desirable characteristics such as dynamic range, sensitivity, dynamic sampling
rates, power budget and permissible numbers of sensing sights which can be accessed
through a single fiber have been analyzed. Resolution, as it pertains to the system demon-
strated, is +/- 1 microstrain, but transducer design trade-offs have been identified which
clearly indicate how higher resolution is possible. Dynamic range of the transducer is +/-
40 microstrains, but this too is dependant on transducer design, which is well understood.
The signal to noise range for the system demonstrated is 20 dB with signal averaging, but
improvements in lowering the detector noise level, increasing the laser output power, and
reducing the coupling losses in fiber splices through selection of better couplers all indicate
that a higher dynamic range is possible. Sampling rates in the primary demonstration sys-
tem are limited to the digitization and re-arming rates of the digital oscilloscope: 2Hz. En-
tire waveforms are digitized from which the relevant data is extracted.

While proof of concept in the acquisition of strain data has been shown with the la-
boratory instrumentation system, real-time sensing and signal processing required the de-
velopment of custom signal acquisition and processing hardware. The resulting custom
system has demonstrated capability to sample at 5 kHz rates, but is theoretically suitable to
100 kHz with sensors distributed over a fiber up to 1 km in length. Using a single CPU,
the product of the number of sensors and the number of samples averaged per transducer,
divided into the OTDR trigger rate (e.g., 5 kHz of the system demonstrated, up to 100 kHz
for a 1 kIn fiber) yields the maximum update rate available to produce a distributed strain
map. There appears to be no restraint on sensing modal vibrations in large space structures
up to 10 Hz, which requires that the sampling be at least above the Nyquist frequency (20
Hz) and preferably higher.
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